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Abstract Plant roots have a profound effect on soil microbial
activity, particularly in the rhizosphere. Hence, it is important
to understand the potential effects of genetically modified
(GM) crops on soil microbial activity and related processes
such as litter decomposition. In this study, we compared the
effects of GM potato Modena on soil microbial activity and
carbon (C) and nitrogen (N) mineralization to effects induced
by Modena’s parental isoline (Karnico) and a conventional
potato cultivar (Aventra). A field experiment was conducted
at two sites to assess microbial catabolic diversity (using
MicroRespTM) in the rhizosphere and in bulk soil, during
flowering and senescence of the potato plants. In a laboratory
experiment with soil and potato litter from the field experi-
ment, we investigated whether the cultivars had modified the
activity of soil microbial communities to such an extent that
this affected C and N mineralization. Results of the field ex-
periment showed no GM-induced effects on microbial cata-
bolic diversity, while effects of field site location and sampling
date were significant. Multivariate analysis including plant
traits and soil characteristics revealed that microbial catabolic
activities in rhizosphere soil were strongly correlated with soil
organic matter and tuber sucrose content, whereas in bulk soil,

they were primarily correlated with soil moisture. In the lab-
oratory experiment, we found that Modena induced a Bhome-
field advantage^ in N mineralization, yet this effect was in-
consistent across locations and was also observed for other
cultivars. Based on our data and results from previous studies,
we conclude that the effects of GM cultivar Modena on soil
microbial activity and litter decomposition fall within the nor-
mal range of effects found for conventional potato cultivars.
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Introduction

Since the commercial introduction of genetically modified
(GM) crops in 1996, the total area grown nowadays with
GM varieties has increased to 175 million ha, with two thirds
of this area located in the Americas (James 2013). In the
Netherlands, GM crops are not yet grown commercially due
to concerns about possible environmental side effects (e.g.,
Bruinsma et al. 2003). Depending on the nature of their ge-
netic modification, GM plants could affect soil ecosystems
through trait-mediated shifts in root physiology, root exudates,
and/or litter quality (Powell 2007). Hence, during the growing
season, the effects of GM crops on soil biota are most likely to
occur in the rhizosphere, a thin zone around the roots and a
hotspot for soil microorganisms (Hartmann et al. 2008). In
terms of risk assessment, it is therefore relevant to know
whether GM plant-induced changes in the rhizosphere could
have prolonged effects on soil biota (Mulder et al. 2006;
Powell 2007; Hannula et al. 2014).

Current molecular techniques allow commercial develop-
ment of marker-free GM crops, i.e., cultivars without plant
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transformation markers such as kanamycin resistance (e.g.,
Tuteja et al. 2012). Normally, potato (Solanum tuberosum)
tubers contain starch consisting of amylose and amylopectin
in roughly a 1:5 ratio (Broothaerts et al. 2007), but the cultivar
Modena (BASF GmbH, Limburgerhof, Germany) produces
tubers with amylose-free starch. This genetic modification
was accomplished by inhibiting the transcription of the
granule-bound starch synthase gene, which is essential for
amylose production, in the parental cultivar Karnico. The
resulting amylose-free starch inModena tubers is an attractive
ingredient for a range of industrial applications (Visser and
Jacobsen 1993). Since this particular trait involves a direct
inhibition of a specific pathway in carbohydrate synthesis
and plant transformation markers are absent (De Vetten et al.
2003), any environmental effects of this GM crop may be
ascribed to its altered carbohydrate metabolism.

Several studies have assessed the effects of Modena (and
similar potato genotypes with genetically modified starch con-
tent) on the soil microbial community composition (e.g.,
Milling et al. 2005; Hannula et al. 2010). The effects of
Modena on soil biota were mainly detected in the rhizosphere
and during plant senescence, with the effects assumed to be
caused by changed root exudation patterns (İnceoğlu et al.
2013). Dias et al. (2013) observed differences between the
rhizosphere microbial communities of Modena versus
Karnico, in terms of the relative proportions of the gram-
negative bacteria Pseudomonas and Burkholderia. However,
several studies also showed that plant growth stage, soil type,
and yearly fluctuations in weather conditions had more prom-
inent effects on rhizosphere biota, than GM versus conven-
tional potato cultivars (Gschwendtner et al. 2011; Hannula
et al. 2012a, b; İnceoğlu et al. 2012, 2013).

The genetically modified carbohydrate metabolism of
Modena may not only lead to distinct root exudation patterns
but may also affect the biochemical properties of above- and
belowground plant parts, resulting in altered litter quality
(Jacobsen et al. 1989; Privalle et al. 2013). In turn, this could
affect decomposition processes. For example, Hannula et al.
(2013) observed that tubers and leaves of Modena
decomposed more rapidly than litter of Karnico, although this
difference was only observed in the first month of incubation.
Furthermore, due to their altered litter quality and root exuda-
tion patterns, GM crops such as Modena could influence C
and N mineralization by inducing a Bhome-field advantage.^
This term has been used to describe the effect that plant litter
decomposes more rapidly in its Bhome^ soil (the location of
the plant producing the litter) than in a different soil, because
of local adaptation of the soil biota (Ayres et al. 2009).

The first aim of this study was to compare microbial cata-
bolic diversity in rhizosphere and bulk soil from field crops of
Modena (GM cultivar), Karnico (parental line), and Aventra
(conventional cultivar) and relate the observed effects to po-
tato traits. Our second aim was to investigate in a laboratory

experiment whether Modena influenced soil C and N miner-
alization to the extent of inducing a home-field advantage in
litter decomposition. We included conventional potato culti-
vars (Aventra and Karnico) in our experiments to assess
whether potential GM trait-related effects would fall within
the normal range of variation between conventional cultivars
(Griffiths et al. 2007; Perry et al. 2009).

Material and methods

Field experiment

The field experiment was performed at two field sites (VMD
and BUI), located within 10 km of each other in the province
of Drenthe, The Netherlands. Soil at location VMD was char-
acterized as sandy peat and soil at location BUI as loamy sand.
Both soils had similar soil pH, but otherwise differed in vari-
ous soil characteristics, most importantly organic matter con-
tent, sand fraction, and average sand particle size (Table 1).
Both fields had been cropped with potato in rotation with
barley for many decades.

On 27 April 2011, three different potato cultivars (Karnico,
Modena, and Aventra) were planted at both field sites. All
varieties are used for potato starch production and have a
relative high starch content of the tubers (Hannula et al.
2012b). The variety Modena was bred from Karnico (for
details, see De Vetten et al. 2003) and has a much lower am-
ylose content as compared to Karnico and Aventra. Potatoes
were planted in a randomized complete block design with four
replicate plots per cultivar (12 plots per site). Each plot (3.0×
2.8 m) was planted with 28 potato tubers, divided over four
ridges; distance between ridges was 75 cm, and planting dis-
tance within ridges was 40 cm. Fertilizer application was
based on the standard recommendation for potato crops, ad-
justed to local soil conditions. At location VMD, potatoes
were fertilized with 140 kg N ha−1, 50 kg P2O5ha

−1 (via
ca lc ium ammonium ni t ra t e and NP 26-14) and

Table 1 Soil characteristics of the field site locations VMD and BUI
(Drenthe, The Netherlands)

Variable Unit VMD BUI

pH 4.6 4.6

Organic matter % (w/w) 25.5 5.3

Total N mg kg−1 15.7 12.8

Soil moisturea % (w/w) 30.2 13.0

Bulk density g cm−3 1.38 1.05

Silt fraction % <16 μm 2.8 5.7

Sand fraction % >50 μm 94.3 90.5

Particle size sand fraction μm 157.7 130.0

a Average over both sampling days (August 15 and September 13)
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1500 kg protamylasse ha−1 (AVEBE, Veendam,
The Netherlands); at location BUI, with 250 kg N ha−1,
250 kg K2O ha−1 (via calcium ammonium nitrate and
Patentkali), and 20,000 kg pig slurry ha−1.

Potato tuber yield was neither affected by potato variety
nor by location. Potato tuber starch, sucrose, vitamin C, and
glycoalkaloids were extracted and analyzed as described by
Privalle et al. (2013). Potato tubers used for the constituent
analyses were sampled from trials located next to the experi-
mental fields.

Collection of soil and litter samples

At both field site locations, soil samples were taken during the
plant flowering stage (15 August 2011) and senescence stage
(13 September 2011), since effects were expected to be most
pronounced during these growth stages (e.g., İnceoğlu et al.
2013). In each plot, a composite sample of the bulk soil was
taken, consisting of 16 cores (∅ 2 cm, depth 20 cm) taken
between plants from each of the four ridges. Rhizosphere
samples were taken by carefully digging out potato plants
using a spade. Soil still adhering to the roots after shaking
the plants twice was considered rhizosphere soil, and was
collected with a brush. All samples were immediately cooled
after sampling (4 °C). For the litter decomposition experiment
in the laboratory (see BLaboratory litter decomposition
experiment^), we collected bulk soil and plant shoots from
each cultivar plot (at both field site locations) on 13
September 2011. Plant samples were dried (70 °C for 24 h),
ground, and analyzed for C and N content using flash com-
bustion in an elemental analyzer (Interscience/Fisons EA
1108, The Netherlands) (Pella and Colombo 1973).

Microbial catabolic diversity

Microbial catabolic diversity was assessed with the
MicroRespTM procedure (Campbell et al. 2003), using a se-
lection of C substrates based on plant root exudation patterns
(Campbell et al. 1997). Within 24 h after sampling, soil sam-
ples were sieved (2-mm mesh) and added to the deepwell
plates using the standard filling device to add about 300 μl
of soil to each well. Soil dry weight per well was calculated
based on the weight of fresh soil added and the soil moisture
content of the soil sample (determined by drying at 105 °C for
24 h). Filled plates were not pre-incubated, because this could
lead to loss of plant-induced rhizosphere effects (Jones and
Darrah 1993). The C substrates were dissolved in
demineralized water and prepared as stock solutions designed
to achieve a final concentration of either 30 mg C g−1 soil
solution (citric acid, glucose, malic acid, sucrose, trehalose,
and Tween 80) or 7.5 mgC g−1 soil solution (alanine, arginine,
phenylalanine, oxalic acid, and fumaric acid, which have low-
er solubility), where calculation of the soil solution was based

on soil moisture content plus 25 μl added stock solution.
Substrate solutions, and water as a control, were dispensed
into deepwell plates (four replicate wells per substrate, per soil
sample). The absorbance of the indicator dye (a solution of
cresol red, potassium chloride, sodium bicarbonate in 3 %
purified agar) in the detection plates was measured at
570 nm before and after the incubation period (at 25 °C for
6 h) using a microplate reader (Vmax, Molecular Devices,
Sunnyvale, CA, USA). Color development was normalized
by subtracting the time zero measurement (averaged per plate)
from the measured color development of the dye in each well
after 6 h of incubation according to Campbell et al. (2003) and
converted to CO2 concentrations using the following calibra-
tion curve: %CO2=0.002×A570

−3.11 (R2=0.93), where %CO2

(vol/vol) is the concentration in the headspace after incubation
and A570 is the normalized absorbance. Median CO2 concen-
trations (n=4) for each substrate and plot were converted to
respiration rates (μg CO2–C g−1 dry soil h−1), corrected for
median respiration rates of the controls (water).

Laboratory litter decomposition experiment

To assess whether the various potato cultivars could induce a
home-field advantage in decomposition, we conducted a lab-
oratory experiment using soil and plant litter (shoots) collected
from the field experiment (see BCollection of soil and litter
samples^). For each cultivar plot, four bottles (333 ml) were
filled each with 75 g soil (fresh weight) collected from the
respective plot on 13 September 2011 (12 plots per site in-
cluding 4 replicates per cultivar, 2 sites, resulting in 96 bot-
tles). In each of those sets, one bottle was amended with 1.5 g
dried and ground potato shoot litter from the cultivar grown in
the same plot as from which the soil was collected (home
situation); two bottles received 1.5 g potato shoot material
from one of the other cultivars, grown in other plots within
the same experimental block (away situation); and one bottle
was kept as a soil-only control (no litter added). The plant
material was mixed into the soil, and all bottles were incubated
during 121 days in the dark at 20 °C. Soil moisture content
was kept at 60 % water holding capacity throughout the
experiment.

Carbon mineralization was determined in all bottles, based
on CO2 production measured on days 14, 17, 23, 37, 65, and
121 of the incubation. On these days, each bottle was flushed
with compressed air for 15 min, closed with an air-tight lid,
and incubated for 4 h at 20 °C in the dark; after which, the CO2

concentration in the headspace was measured with a
Photoacoustic Field Gas-Monitor (INNOVA 1412,
LumaSenseTM Technologies, Denmark). C mineralization
rates (μg CO2g

−1 dry soil h−1) in soil-litter mixtures were
corrected for rates in soil-only incubations. For each replicate
cultivar plot, the area under the curve for total net C
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mineralization over the 121-day incubation period was
calculated (Fig. 3).

Home-field advantage was calculated for net C and N min-
eralization and net change in microbial biomass N over the
121-day incubation period, based on the equations used by
Ayres et al. (2009):

ADHi ¼ HDDi−ADDi−H

HDDi ¼ DiI−D jI

� �þ DiI−DkIð Þ
ADDi ¼ Di J−D j J

� �þ DiK−DkKð Þ
H ¼ HDDi þ HDDj þ HDDk

� �
= N−1ð Þ

where ADH is the additional decomposition at home for each
cultivar; i, j, and k represent potato shoot litter from Karnico,
Modena, and Aventra, respectively; I, J, and K are soil sam-
ples from the plots where the potato cultivars Karnico, Mode-
na, and Aventra were grown, respectively; D is a measure of
decomposition (net C or N mineralization, or net change in
microbial biomass N, over the 121-day incubation period);
HDD and ADD represent home decomposition difference
and away decomposition difference, respectively; H repre-
sents the total home-field advantage for all cultivars com-
bined; and N represents the number of cultivars.

Microbial biomass N was determined on day 0 (in bulk soil
samples from each cultivar plot) and day 121 (in all bottles)
according to the chloroform fumigation and extraction tech-
nique, using 0.5 M K2SO4 as extractant (1:4 w/v, fresh weight
basis) (kEC=0.54) (Brookes et al. 1985). Total dissolved N
from the non-fumigated subsamples was used to determine
the net Nmineralization. Soil mineral N content was measured
on day 0 and day 121 using a segmented flow analyzer (Skalar
Analytical, B.V. Breda, The Netherlands). Net change in mi-
crobial biomass N and net N mineralization in soil-litter incu-
bations over 121 days were corrected for values in soil-only
controls.

Data analysis

In the field experiment, the effects of cultivar, field site loca-
tion, and sampling date on microbial catabolic activities in the
rhizosphere and bulk soil were assessed through redundancy
analysis (RDA) in Canoco v. 5.0 (Van Dobben et al. 1999).
The significance of correlations between variables was tested
using Monte Carlo permutation tests (999 random permuta-
tions). As we detected relatively strong effects of field site
location and sampling date, we conducted a follow-up RDA
analysis including soil characteristics (soil moisture, organic
matter) and potato tuber contents (glycoalkaloids, starch, su-
crose, and vitamin C) as explanatory variables. In this RDA
analysis, we used a forward (i.e., stepwise) selection of ex-
planatory variables to select the variables comprising the
strongest effects and to sort out variance already explained

by previously selected variables. Block effects were partialled
out by entering block indicator variables as covariables.
Explanatory variables showing significant correlations (p≤
0.05) with microbial catabolic diversity (response to specific
substrates) were included in ordination plots (Fig. 1).

In the soil-litter incubation experiment, ANOVAwas used
to analyze the effects of cultivar, field site location (BUI ver-
sus VMD), and the interaction between these factors on
decomposition-related variables (C and N mineralization and
microbial biomass N). Data from the soil-only controls (basal
decomposition) were analyzed separately; ANOVA of decom-
position variables in soil-litter mixtures focussed on home
situations (i.e., treatments where soil and litter came from
one and the same plot). An additional ANOVAwas conducted
to analyze cultivar and field site location effects on the C:N
ratio of potato shoot litter.

To assess whether the different potato cultivars induced a
home-field advantage in decomposition, we calculated the
average and 95 % confidence interval (average±1.96×SE)
for the additional decomposition at home (ADH; see
BLaboratory litter decomposition experiment^) for net C and

Fig. 1 RDA ordination diagram of microbial catabolic response to
various substrates in a rhizosphere soil and b bulk soil of three potato
cultivars grown at two field site locations. In (a), tuber sucrose content
and soil organic matter are included as explanatory variables (accounting
for 63.6 % of total variance in microbial catabolic diversity); in (b), the
main explanatory variable is soil moisture (accounting for 43.4 % of total
variance)
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N mineralization and net change in microbial biomass N over
the 121-day incubation period, assuming a normal distribution
of the data. Where the 95 % confidence interval of ADH did
not include zero, we considered the home-field advantage
(ADH>0) or home-field disadvantage (ADH<0) to be
significant.

Results

Field experiment: microbial catabolic diversity
in rhizosphere and bulk soil

In the field experiment, microbial catabolic activity was not
significantly affected by potato cultivar, neither in rhizosphere
nor bulk soil. Instead, RDA detected significant effects of field
site location and sampling date, both in rhizosphere soil (lo-
cation effect 67.3 % explained variance, F=85.2, p<0.002;
sampling date effect 4.8 % explained variance, F=3.1, p=
0.02) and in bulk soil (location effect 53.3 % explained vari-
ance, F=47.8, p<0.002; sampling date effect 16.1 % ex-
plained variance, F=8.9, p<0.002).

The follow-up redundancy analysis, including specific cul-
tivar traits and soil characteristics as explanatory variables,
showed that microbial catabolic activities in rhizosphere soil
were most strongly correlated with soil organic matter and
tuber sucrose content, whereas in bulk soil, they were primar-
ily correlated with soil moisture (Table 2). Specifically, in
rhizosphere soil, microbial response to sucrose, arginine,
Tween 80, trehalose, phenylalanine, and malic acid was found
to be positively correlated with soil organic matter, whereas
microbial response to fumaric acid, citric acid, alanine, and
glucose was negatively correlated with soil organic matter
(Fig 1a). In addition, microbial response to arginine, phenyl-
alanine, trehalose, Tween 80, malic acid, sucrose, and oxalic
acid was negatively correlated with potato tuber sucrose con-
tent. In bulk soil, microbial response to arginine, phenylala-
nine, trehalose, Tween 80, malic acid, and sucrose was

positively correlated with soil moisture, whereas response to
fumaric acid, citric acid, and alanine was negatively correlated
with soil moisture (Fig. 1b).

Laboratory experiment: potato litter decomposition

The C:N ratio of the potato shoot litter used in the decompo-
sition experiment neither was significantly different between
cultivars (F=3.30, p=0.07) nor was it significantly influenced
by which field site (BUI or VMD) the plants had grown (F=
2.98, p=0.11) (Fig. 2). Decomposition of this material in soil-
litter incubations was significantly influenced by location in
terms of which field site the soil and litter had been derived
from (BUI or VMD); however, no effect of cultivar was
found: whether the soil and litter originated from plots with
Karnico, Modena, or Aventra did not significantly affect de-
composition variables, at least in home situations (Table 3). In
general, decomposition rates were higher in soil derived from
location VMD than from BUI (Fig. 3). At location VMD, the
C mineralization rate of Aventra litter in Aventra soil was
lower as compared to Karnico litter in Karnico soil and
Modena litter in Modena soil for the first 23 days of incuba-
tion (Fig. 3a). At location BUI, the C mineralization rate of
Aventra litter in Aventra soil as compared to Karnico litter in
Karnico soil and Modena litter in Modena soil was lower at
day 65 of incubation. After 121 days of incubation, mineral N
was higher in all soil-litter incubations, compared to soil-only
incubations (Fig. 4a). However, microbial biomass N was on-
ly found to be higher in soil-litter incubations (compared to
soil-only incubations) if the soil was derived from location
VMD (Fig. 4b).

When comparing all treatments (both home situations and
away situations), we detected a home-field advantage effect of
Modena (if soil and litter were derived from VMD) and
Karnico (soil and litter from BUI) on net N mineralization
(Table 4). Furthermore, we found a significant home-field
disadvantage effect of Aventra on Nmineralization, regardless
of whether the soil and litter were derived from location VMD

Table 2 Effects of potato tuber contents and soil characteristics on microbial catabolic diversity in rhizosphere and bulk soil of three potato cultivars
(Aventra, Karnico, and Modena), grown at two field site locations (VMD and BUI) (% variance explained, pseudo-F and p values based on RDA)

Variable Unit Rhizosphere soil Bulk soil

Var (%) F p Var (%) F p

Potato Glycoalkaloids mg kg−1 fresh weight 0.6 0.8 0.49 1.2 1.0 0.31

Starch g 100 g−1 fresh weight 1.6 2.2 0.09 0.3 0.2 0.95

Sucrose g 100 g−1 fresh weight 2.4 3.1 0.03 0.2 0.2 0.94

Vitamin C mg 100 g−1 fresh weight 1.0 1.2 0.27 0.4 0.3 0.85

Soil Organic matter % (w/w) 65.1 80.2 <0.002 0.2 0.2 0.97

Moisture % (w/w) 0.5 0.6 0.72 48.8 41.0 <0.002

Significant explanatory variables in italics. Extraction and analysis following Privalle et al. (2013)
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and BUI. No home-field advantage (or disadvantage) effects
were observed with regard to other decomposition variables
(C mineralization and microbial biomass N).

Discussion

In this study, we assessed the effects of GM potato
cultivar Modena on soil microbial activity and decom-
position processes and compared these to effects in-
duced by the parental line (Karnico) and a conventional
cultivar (Aventra), both in the field and in a laboratory
experiment. In the field experiment, effects of Modena
on microbial catabolic diversity fell within the same
range as effects induced by the non-GM potato varie-
ties, both in rhizosphere and bulk soil. In the laboratory
experiment, we detected cultivar-specific effects on N
mineralization only, in terms of a home-field advantage
effect of Modena (if soil and litter were derived from
location VMD) and Karnico (soil and litter from BUI).
Potato cultivar Aventra was found to induce a home-

field disadvantage in net N mineralization, in soil-litter
incubations from both VMD and BUI.

0

20

40

60

80

Karnico Modena Aventra Karnico Modena Aventra
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C:
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Fig. 2 C:N ratios of shoot litter from potato cultivars Karnico, Modena,
and Aventra, grown at two field site locations (VMD and BUI). Based on
ANOVA, no significant effects of cultivar or location were observed.
Error bars represent standard errors of the mean (n=4)

Table 3 Effects of cultivar
(Karnico, Modena, and Aventra)
and field site location (VMD and
BUI) on C mineralization, N
mineralization, and microbial
biomass N in soil-only and soil-
litter incubations (with soil and
litter derived from the same
cultivar plots: home situations)

C mineralization N mineralization Microbial biomass N

F p F p F p

Basala Cultivar (Cv) 0.13 0.88 0.12 0.89 3.08 0.08

Location (L) 631.40 <0.001 190.19 <0.001 3.20 0.09

Cv×L 0.03 0.98 0.20 0.82 2.42 0.12

Litter inducedb Cultivar (Cv) 1.28 0.31 2.40 0.12 1.11 0.36

Location (L) 35.31 <0.001 2.10 0.17 12.93 0.003

Cv×L 0.22 0.81 0.56 0.58 0.26 0.78

Significant results (ANOVA) in italics (n=4)
a Values measured in soil-only incubations
bValues measured in soil-litter mixtures, corrected for values measured in soil-only incubations

Fig. 3 Carbonmineralization in 121-day incubations of soil-only (closed
symbols: basal mineralization) or potato litter-soil mixtures (open
symbols: litter-induced mineralization), with soil and litter derived from
potato crops (Karnico, Modena, and Aventra) grown at two field site
locations: a VMD and b BUI. Data include home situations only (i.e.,
incubations with soil and litter from the same cultivar plot). Bars
represent standard errors of the mean (positive direction only) (n=4).
Litter-induced mineralization rates have been corrected for basal
mineralization
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The field experiment

As said, microbial catabolic diversity did not differ signifi-
cantly between field crops of the potato cultivars investigated,
in rhizosphere nor bulk soil. However, multivariate analyses
(RDA) indicated that a significant proportion of the variation
in microbial catabolic diversity could be related to soil char-
acteristics (soil moisture, organic matter) and plant traits (in
particular, tuber sucrose content). Soil organic matter, a source
of nutrients and energy, differed significantly between the two
field locations (Table 1), and this had an overriding influence
on the soil microbial activity, as has been observed in other
studies (e.g., Fierer et al. 2009). In addition to organic matter,
environmental factors such as temperature and water
conditions also affect microbial activity. Orchard and Cook
(1983) observed that soil water potential showed a positive
log-linear relationship with soil microbial activity, as long as
the latter was not limited by substrate availability, which is
correlated to organic matter content. Such strong links be-
tween soil moisture and organic matter are well known (e.g.,
Gupta and Larson 1979; Vereecken et al. 1989) and were also
observed in our study. Hence, the observed difference be-
tween the driving factors of microbial catabolic diversity in
the rhizosphere (organic matter) versus bulk soil (soil mois-
ture) is only relative.

Although we found notable differences between the micro-
bial catabolic activity patterns of the two (BUI and VMD)
locations, we found these activity patterns to be highly similar
between the rhizosphere and bulk soil within the same loca-
tion. At location VMD (loamy peat: high organic matter and
moisture content), microorganisms in both rhizosphere and
bulk soil were strongly activated on the same set of substrates
(sucrose, arginine, Tween 80, trehalose, phenylalanine, and, to
a lesser extent, malic acid). The soil microbial community at
location BUI (loamy sand: low organic matter and moisture
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Fig. 4 Net change in a mineral N and b microbial biomass N over
121 days in incubations of soil-only (open bars: basal) and potato litter-
soil mixtures (closed bars litter induced), with soil and litter derived from
potato crops (Karnico, Modena, and Aventra) grown at two field site
locations (VMD and BUI). Data include home situations only (i.e.,
incubations with soil and litter from the same cultivar plot). Bars
represent standard errors of the mean (n=4). Litter-induced
mineralization rates have been corrected for basal mineralization

Table 4 Estimation of home-
field advantage (ADH) in litter
decomposition, in terms of net C
mineralization, N mineralization,
and change in microbial biomass
N over 121 days, in laboratory
incubations of soil and litter
derived from three potato
cultivars (Karnico, Modena, and
Aventra) grown at two field site
locations (VMD and BUI)

C mineralization N mineralization Microbial biomass N

ADH ADH ADH

Average 95 % CIa Average 95 % CI Average 95 % CI

VMD Karnico 0.78 (−4.20–5.76) 0.62 (−0.29–1.53) 0.21 (−0.62–1.03)
Modena 1.84 (−1.33–5.01) 1.02b (0.20–1.84) −0.13 (−0.85–0.60)
Aventra −2.01 (−5.24–1.23) −1.61c (−3.03–−0.19) −0.04 (−0.74–0.66)

BUI Karnico −0.77 (−4.17–2.62) 0.62b (0.08–1.15) −0.29 (−0.69–0.12)
Modena 0.10 (−1.92–2.13) 0.26 (−0.55–1.07) −0.07 (−1.40–1.26)
Aventra 1.21 (−2.38–4.80) −0.90c (−1.66–−0.15) 0.35 (−0.67–1.37)

Significant results in italics (n=4)
a Confidence interval
b Home-field advantage (ADH>0)
c Home-field disadvantage (ADH<0)
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content) responded to a different subset of substrates (alanine,
citric acid, and, to a lesser extent, fumaric acid and glucose),
again without differences between rhizosphere and bulk soil.
Our results show that the MicroRespTM methodology was
effective in differentiating distinct microbial rhizosphere
communities, as found by Knox et al. (2014) and Dieng
et al. (2014). The absence of differences between rhizosphere
and bulk soil suggests that either the microbial communities
were not significantly affected by the potato roots or that the
methodology was not sensitive enough to detect relatively
small effects on the microbial activity.

The only potato cultivar-related effect detected was the
effect of tuber sucrose content, which explained 2.4 % of the
variation in rhizosphere microbial respiration. It seems unlike-
ly that tuber sucrose directly affected the rhizosphere micro-
bial community through sucrose as a leachate, because exper-
imental addition of sucrose to rhizosphere soil from potato
tubers with high tuber sucrose content resulted in reduced,
rather than increased, microbial activity (MicroRespTM;
Fig. 1a). However, the MicroRespTM tests did show a positive
(albeit small) effect of glucose, which is the breakdown prod-
uct of sucrose, on the activity of the rhizosphere microbial
community of high tuber sucrose potato tubers. These results
suggest that the potato plants did have some effect on the
activity of rhizosphere microorganisms, but any effects in bulk
soil remained below the detection limit of the MicroRespTM

method.

The laboratory experiment

In the laboratory experiment, potato cultivar effects were ob-
served for N mineralization, but not for C mineralization or
microbial biomass N. In soil-only incubations, and in soil-
litter incubations in which litter and soil had been derived
from the same cultivar plots (home situations), cultivar had
no detectable effect on decomposition variables. However,
similar to our field observations, decomposition processes
were significantly different between field site locations, with
generally higher decomposition rates in incubations with soil
derived from location VMD (high in organic matter) than
from BUI (low organic matter). When comparing decomposi-
tion processes in home situations (soil and litter from the same
cultivar plot) and away situations (soil and litter from different
cultivar plots), some cultivar effects were detected, in terms of
a home-field advantage effect of Modena (if soil and litter
were derived from location VMD) and Karnico (soil and litter
from BUI) on net N mineralization. Furthermore, Aventra was
found to induce a home-field disadvantage in net N mineral-
ization, in soil-litter incubations from both VMD and BUI. A
home-field (dis)advantage generally results from changes in
the decomposer community or differences in litter quality
(Ayres et al. 2009). However, our MicroRespTM measure-
ments did not indicate any significant differences between

cultivars in terms of the microbial catabolic diversity in the
bulk soil used for the incubation experiment nor did we find
statistically significant differences in terms of litter C:N ratio
(Fig. 2). Possibly, the observed home-field (dis)advantages
were related to interactions between litter N and decomposer
communities (Perez et al. 2013). The generally weak home-
field effects found in our soil-litter incubations could be ex-
plained by the short duration of the field experiment from
which the soil and litter were derived: in other studies mea-
suring home-field effects, the plant-soil system had been in
place for many more growing seasons than in our study (e.g.,
forests in Ayres et al. 2009).

Conclusions

We showed that soil microorganisms and related decomposi-
tion processes were not affected to a detectable degree by GM
potato cultivar Modena, when compared with the parental line
and a conventional cultivar. Our results also demonstrate the
relevance of including variation in soil characteristics (e.g.,
effects of moisture conditions on respiration (Shi and
Marschner 2015)), while quantifying effects induced by spe-
cific potato traits such as tuber sucrose content. Our results are
in line with previous investigations on the effects of Modena
on soil biota and soil processes (Hannula et al. 2012a, b;
İnceoğlu et al. 2012; Vervoort 2013), which all indicate that
this particular GM potato cultivar has either no measurable or
no consistent effects on soil ecosystems, when compared to
conventional cultivars. Based on the relevance of the soil biota
investigated in these studies (bacteria, fungi, and nematodes;
Hannula et al. 2012a, b; İnceoğlu et al. 2012; Vervoort 2013),
which include effects on soil biodiversity, biomass distribu-
tion across trophic levels, and food web topologies, we con-
clude that Modena is unlikely to significantly affect soil eco-
systems in terms of specific effects due to its genetic modifi-
cation. However, it must be underlined that the results of these
studies, including our experiments, concern the effects of a
single plant trait, i.e., the knockdown of a specific gene in
the carbohydrate metabolism of potato, and cannot be trans-
lated to other genetic modifications or other GM crops.
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